We present Canada-France-Hawaii Telescope (CFHT) MegaCam observations of a galaxy-quasar strong gravitational lens system, SDSS J1640+1932. This system, located at z=0.195 (foreground elliptical galaxy) and z=0.778 (background quasar), was first visually identified by us in the Sloan Digital Sky Survey (SDSS) database. Our CFHT imaging with an angular resolution of 0.7 ′′ clearly resolves 4 lensed images and a nearly complete Einstein ring. Modeling the system with a singular isothermal ellipsoid (SIE) total mass distribution, we find an Einstein radius of 2.49 ′′+0.063 −0.049 enclosing a inferred mass of 7.25 +0.37 −0.29 × 10 11 M ⊙ . The quasar and its host galaxy have been magnified by a factor of 23, and the time delay relative to the leading image is determined to be 23.4-25.2 days. These parameters vary minimally when our model is fitted to the g-, r-or i-band images.
INTRODUCTION
Strong gravitational lensing is a unique and powerful mass probe. It has been used solely or jointly with other probes to determine the distribution of dark matter (e.g. Gavazzi et al. 2007; Grillo et al. 2008 Grillo et al. , 2009 Navarro et al. 1996; Shu et al. 2016a,c) , the total mass density profile and its redshift evolution (e.g. Koopmans et al. 2006; Bolton et al. 2012; Shu et al. 2015) , stellar and dark matter decomposition of the lens objects at cosmic distances. The lensing magnification also makes strong lenses natural cosmic telescopes in resolving high-redshift sources. In addition, strong lens systems involving time-variant sources such as quasars measure the Hubble constant (Refsdal 1964) , applications of gravitationally lensed quasars such as time delay cosmography (e.g., Coles 2008; Suyu et al. 2010) can constrain the quasar luminosity function (Richards et al. 2006 ) and dark energy (e.g. Kochanek 1996; Oguri et al. 2012) . The first confirmed strong lens system is the Twin Quasar system QSO 0957+561 discovered by Walsh et al. (1979) which comprises two images of a quasar at redshift 1.41. Since then, several systematic strong lens searches based on photometry and/or spectroscopy have been carried out and led to several hundred of new lenses(e.g. ⋆ E-mail: wl010@bao.ac.cn † E-mail: ranl@bao.ac.cn Bolton et al. 2008; More et al. 2012; Stark et al. 2013; Shu et al. 2015 Shu et al. , 2016b Inada et al. 2010; Oguri et al. 2006) . In modern cosmology, dark matter shapes the skeleton of the large-scale structure and galactic potential wells, the performing stage for galaxy formation and evolution. Observational characterization of the structure of dark matter haloes imposes key quantitative constraints on current dark matter and galaxy evolution models. Gravitational lensing, especially strong lensing that produces Einstein rings or giant arcs, provides a unique tool for scrutinizing the dark matter halo of galaxies at cosmic distances. Miralda-Escudé & Lehár (1992) predicted few ×10 6 optical Einstein rings to be detectable over the whole sky. Despite extensive surveys, a limited number of galaxy-scale Einstein rings or giant arcs are known to date (e.g. Lehar et al. 2000; Brownstein et al. 2012; Limousin et al. 2009; More et al. 2012) .
The SDSS has provided five broad band (u, g, r, i, and z) relatively shallow images with a detection limit of r = 22.5 and a seeing of 1.43 ′′ (Stoughton et al. 2002) . The huge SDSS data provide an opportunity to systematically search for the rare lensing systems. Wen et al. (2009) preformed a search for giant arcs and found 13 new lensing systems by visually inspecting colour images of 39,668 clusters. Another 68 lensing system candidates were found by inspecting colour images of 132684 clusters (Wen et al. 2011 ). Additionally, spectroscopic data of SDSS DR12 was included to search lensing system candidates around the central galaxies of the 132684 clusters. We searched the objects within 10 arcsec of the central galaxies, but have a spectroscopic redshift 0.5 greater than that of the central galaxies. Then, we visually inspected their colour images on the SDSS web page 1 . An almost certain lensing system, SDSS J164045.66+193257.15 (hereafter SDSS J1640+1932), was found by above procedures.
In this paper, we report the discovery of a galaxy-quasar strong lens system SDSS J1640+1932 identified from visual inspections. Canada-France-Hawaii Telescope (CFHT) follow-up imaging observations in g, r, and i bands show that this system comprises four lensed images of the background quasar and a nearly complete Einstein ring from the quasar's host galaxy. Lens models are further obtained based on the CFHT data, and predictions on the lens galaxy mass within the Einstein radius and time delays between the four lensed images are presented.
This paper is organized as follows: In Section 2 we present the CFHT g-, r-, and i-band observations of SDSS J1640+1932. Section 3 describes our lens modeling methodology, and Section 4 presents the results. Finally, discussions and conclusions are presented in Section 5. For all calculations, we assume a fiducial cosmological model with Ω m = 0.274, Ω Λ = 0.726 and H 0 = 70 km s −1 Mpc −1 (WMAP7; Komatsu et al. 2011 ).
DATA
We identify a new strong quasar lens candidate system SDSS J1640+1932 2 from visual inspection of its SDSS imaging and spectroscopic data. The left panel in Fig.1 shows the SDSS image (gri colour composite) centred on an early-type galaxy SDSS J1640+1932. Bluish features ≈ 2.5 ′′ away from the central galaxy are clearly seen and identified by SDSS as a single object SDSSJ164045.57+193255.27. Furthermore, another fainter clump is present to the north of the central galaxy. This image configuration suggests this system to be a strong lens candidate. Both objects are observed spectroscopically by the BOSS survey, and their spectra are shown on the right panels in Fig.1 . The redshifts of both objects are thus determined to be 0.195 and 0.778 respectively.
We hereby proposed CFHT/MegaCam follow-up campaign to obtain higher-resolution imaging of this candidate: SDSS J1640+1932. We imaged it in the g-, r-and i-band with the CFHT/Megacam on 2015 September 10th. The wide-field imager, MegaCam (built by CEA, Saclay, France), consists of 40 2112 × 4644 pixel CCDs, covering a full 1 × 1 square degree field-of-view with a resolution of 0.185 arcsecond per pixel to properly sample the 0.7 arcsecond median seeing offered by the CFHT at Mauna Kea.
The spectrum of the central galaxy has a typical spectral shape of an elliptical galaxy, and its redshift is found to be 0.195. The spectrum of the extended arc has strong atomic emission lines, and suggests it to be a quasar at z=0.778. We co-added the 8 exposures in g-band(135 seconds each), 7 exposures in r-band (280 seconds each) and i-band (140 seconds each) using SExtractor, SCAMP and SWarp 3 , respectively. Firstly, we use SExtractor to build a catalogue of objects from every image and calculate statistic error on each pixel. Next, we use SCAMP to read the catalogs and compute astrometric and photometric solutions. Finally, we employ SWarp to resample and co-add together these 8 images to create a long-time exposure image. The central 61×61 pixels cutout containing only the lens and images of the source is extracted for further analyses. Fig. 2 shows the final image after co-adding. It clearly shows a central galaxy surrounded by an extend blueish arc in the southwest (labeled as C and D) and two other blobs in the north (A) and southeast (B), respectively. Both the central galaxy and the extended arc are observed spectroscopically by the SDSS, and their spectra are shown in the right panel of Fig.1 . With the aid of the better imaging resolution provided by the CFHT/Megacam, the blueish arc is resolved into two blobs (labeled as C and D). Furthermore, another faint blob in the southeast (B) and a red, almost full Einstein ring are clearly detected for the first time. This is certainly a strong lensing system of quadruple images, the background galaxy contains a quasar which is very special because we can see not only the quasar but also its host galaxy.
LENS MODELING STRATEGY
The system is modeled by the lens modeling tool lfit_gui developed by Shu et al. (2016c) . Here we briefly describe the settings used in this work.
Foreground-light and Source Models
We model the surface brightness distribution of the lens galaxy with on elliptical Sérsic profile defined as
in which I e is the surface brightness at the effective radius r e that encloses half of the total light. The constant b(n) is defined in (Ciotti & Bertin 2012; MacArthur et al. 2003) 4 . As the CFHT data clearly resolve the Einstein ring formed from the quasar's host galaxy, we model the source surface brightness distribution with one elliptical Sérsic model. We choose not to model the quasar itself because the Einstein ring already provides robust constraints on the lens model.
Lens model
The projected surface-mass distribution of lens galaxy is modeled by singular isothermal ellipsoid profile (hereafter SIE) (for details, see Kormann et al. 1994) . Let η denote the two-dimensional position of source on the source plane, 
where D d , D s , D ds denote the angular diameter distance to the lens, the source, and from the lens to the source, respectively.α(ξ) is the deflection angle, related to the surface mass density Σ(ξ) bŷ
Introducing angular coordinates by
we can transform Eq.(2) to
the interpretation of the lens Eq. (5) is that a source with true position β can be seen by an observer to be located at angular positions θ satisfying Eq.(5). So the dimensionless lens equation is obtained as
where x, y and length scale ξ 0 are defined as
and σ SI E is the lensing velocity dispersion. We can express the scaled deflection angle in terms of the surface mass density as
where we have defined the dimensionless surface mass density or convergence
As for the SIE profile, the lens equation can be read as
where e i is the unit vector in the direction of x i , f is the axis ratio which always taken as 0< f ≤1 and ϕ the position angle of vector x relative to elliptical's major axis. As a consequence, the expressions for the magnification(e.g. Kormann et al. 1994 )
We also introduce the deflection potential
which is related to the deflection angle by
and the time delay (Narayan & Bartelmann 1996) can be written
where β and θ are the angular separations of the source and the image from the optic axis as seen by the observer, respectively.
Optimization
As discussed in Bolton et al. (2006) , Marshall et al. (2007) , and Shu et al. (2016a) , we fit the foreground light and mass simultaneously in order to reduce the systematic errors. The foreground-light distribution model is combined with the predicted lensed images and convolved with PSF. The combined model is then compared to the observed data, and the parameter optimization is done by minimizing a χ 2 function which is defined as
where
are the observed, PSF-convolved foreground lens, and PSF-convolved lensed image intensities at pixel (i, j), in the image plane, respectively. σ i, j is the corresponding rescaled pixel count error. All the model parameters are optimized using the Levenberg-Marquardt algorithm with the LMFIT package (Newville et al. 2014 ) and the parameter uncertainties are estimated by MCMC approach.
RESULTS
Among the observed CFHT three band images, the Einstein ring appears the least prominent in the g band, while the exposure time for the r band is the longest, resulting in the highest available signal-to-noise ratio. Therefore, in this section, we focus on reporting our analysis results from the r-band data, which provides more robust constraints on the lens model. Fig. 3 shows the performance of the foreground-light subtraction with the original data, foreground-light model, and the foreground-subtracted residual displayed from left to right, respectively. It can be seen that the one-Sérsic model provides a satisfactory fit to the lens galaxy light distribution. The best-fit parameters are summarized in Table 1 . The morphological parameters of the lens galaxy are consistent across three filter bands.
In Fig. 4 , we show the foreground-subtracted residual followed by the best-fit lensed image model, the final residual, and the source model. The white lines in the first three panels represent the critical line and the white line in the last panel is the caustic. The system is in the so-called 'fold' configuration in which the source is on the edge of the caustic and two of the four images are going to merge. We can see that the one-SIE plus one-source model is able to recover the majority of the lensed features, especially the Einstein ring. We further investigate the need of extra external shear, but find it to be negligible. The best-fit parameters of the mass model based on the three bands data are summarized in in Table 3 .
The Einstein radius θ E is estimated to be 2.49 ′′+0.063 −0.049 , and the total enclosed mass within the Einstein radius is 7.25 +0.37 −0.29 × 10 11 M ⊙ . The characteristic lensing velocity dispersion σ SI E is related to θ E as
and is estimated to be 349 km/s. It is consistent with the measured stellar velocity dispersion of 379 km/s for SDSS J1640+1932 based on single-fiber spectroscopic data. The average magnification, defined as the ratio between the observed total light of the lensed images and that of the source, is determined to be 23. The time delays between different lensed images can be obtained through Equation Eq.(15). Using our best-fit results, we have derived the time delays and magnitudes for A, B, C and D (see Table 2 ). Compared to other strong lensing systems containing gravitationally lensed quasars, these results render typical values. For completeness and cross-checking purposes, we have also performed the fitting on g-and i-band as well, finding minimal difference from the r-band results (see Table 3 for details).
DISCUSSIONS AND CONCLUSIONS
SDSS J1640+1932 is a special galaxy-quasar strong lens system because the quasar's host galaxy is lensed into a clearly visible, nearly complete Einstein ring. For most lensed quasars, their hosts are outshone by the much brighter central quasars. For instance, out of the 28 lensed quasars and candidates in the SDSS Quasar Lens Search (Oguri et al. 2006; Inada et al. 2012) , only five systems show clearly detected host galaxies as recently revealed by the Subaru adaptive optics observations (Rusu et al. 2016) . Detections of Einstein rings formed by the host galaxies are even rarer. Systems like SDSS J1640+1932 can play an important role in the determination of the Hubble constant from time-delay cosmography. One of the systematics in this method is the lens mass model. Extra constraints from the Einstein rings will allow much more accurate mass-distribution reconstructions, and therefore largely reduce the systematics.
Two of the four lensed images (images C and D) appear much bluer than the other two images (images A and B). Quantitively, the g-r colours of images A, B, C and D are 0.86, 0.68, 0.35 and 0.38, respectively. We propose three possible interpretations.
• Differential magnifications between the bluer quasar and the redder host galaxy. The quasar can be considered as a point source, while the light distribution of its host galaxy is much more extended and smoother. It is known that the magnification changes rapidly near the critical curve. Images C and D are almost on the critical curve, and hence magnifications on these positions are much higher than at images A and B. As a result, the light at positions of images C and D is dominated by the highly magnified quasar light, which is bluer than its host galaxy. As for images A and B, the quasar is less magnified. The finite image resolution will further make the quasar light smear out. The net effect is that the colours at images A and B are dominated by the quasar's host galaxy.
• Differential dust extinction. If images C and D suffer less from the dust extinction, then they could appear bluer. But this scenario is not very likely. The lens galaxy is an elliptical galaxy which should contain little dust. In addition, the four images locate at about the same distances from the lens galaxy, so significant differential dust extinction is not expected. • Time delays. According to our lens model, light from images C and D arrives at about the same time, but later than image A by ∼ 23 days and earlier than image B by ∼ 2 days. If the brightness of the quasar happens to increase dramatically (by at least 0.5 mag) when light from images C and D arrives and drops back after 2 days, then images C and D could be bluer as observed. However, such a possibility would be very low. First of all, similar colour differences were already seen in the SDSS image which was taken about ∼ 10 years before our CFHT observations. The chance of catching similar variabilities in two totally uncorrelated observations is negligible. Furthermore, light-curve observations for some known lensed quasars suggest that the typical magnitude variation for a quasar is 0.3-0.8 mag over 100-200 days (e.g., Eulaers et al. 2013; Tewes et al. 2013; Rathna Kumar et al. 2013) .
In this paper, we present follow-up CFHT multi-band imaging observations of a new galaxy-quasar strong lens system SDSS J1640+1932 identified based on the SDSS imaging and spectroscopic data. The lens galaxy is located at z = 0.195 while the background quasar is at z = 0.778. The high-resolution CFHT data clearly resolve the four lensed quasar images and a nearly complete Einstein ring from the quasar's host galaxy. By modeling the total mass distribution of the lens galaxy as an SIE profile, we infer that the Einstein radius of this system is 2.49 ′′+0.063 −0.049 , and the total enclosed mass within the Einstein radius is 7.25 +0.37 −0.29 × 10 11 M ⊙ . The lensing velocity dispersion is consistent with the measured stellar velocity dispersion, and external shear is tested to be negligible. The quasar's host galaxy can be well modeled by a single Sérsic component. The source is highly magnified with an average magnification of 23 in the CFHT rband. Time delays between different lensed images are predicted. Robust constraints on the lens galaxy mass distribution provided by the Einstein ring make this system a potential candidate for time-delay cosmography study. We plan to carry out follow-up observations on the other lens candidates found in Wen et al. (2011) and expect to discover more new strong lens systems.
